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Past efforts to employ a structure-based approach to design an inhibitor of the fusion-inducing conforma- 
tional change in the influenza virus hemagglutinin (HA) yielded a family of small benzoquinones and hydro- 
quinones. The most potent of these, terf-butyl hydroquinone (TBHQ), inhibits both the conformational change 
in HA from strain X:31 influenza virus and viral infectivity in tissue culture cells with 50% inhibitory 
concentrations in the micromolar range (D. L. Bodian, R. B. Yamasaki, R. L. Buswell, J. F. Stearns, J. M. 
White, and I. D. Kuntz, Biochemistry 32:2967-2978, 1993). A new structure-based inhibitor design search was 
begun which involved (i) the recently refined crystal structure (2.1-A resolution) of the HA ectodomain, (ii) new 
insights into the conformational change, and (iii) improvements in the molecular docking program, DOCK. As 
a result, we identified new inhibitors of HA-mediated membrane fusion. Like TBHQ, most of these molecules 
inhibit the conformational change. One of the new compounds, however, facilitates rather than inhibits the HA 
conformational change. Nonetheless, the facilitator, diiodofluorescein, inhibits HA-mediated membrane fusion 
and, irreversibly, infectivity. We further characterized the effects of inhibitors from both searches on the 
conformational change and membrane fusion activity of HA as well as on viral infectivity. We also isolated and 
characterized several mutants resistant to each class of inhibitor. The implications of our results for HA- 
mediated membrane fusion, anti-influenza virus therapy, and structure-based inhibitor design are discussed. 



All enveloped viruses penetrate host cells by means of a 
membrane fusion event between the virus and a host cell mem- 
brane (20). The orthomyxovirus influenza virus enters cells by 
receptor-mediated endocytosis. Upon delivery to endosomes, 
the low pH therein triggers an irreversible conformational 
change in the viral transmembrane protein hemagglutinin 
(HA). This conversion, in turn, induces fusion of the viral and 
endocytic membranes, thus allowing the viral genetic material 
to enter the cell to initiate an infection. HA exists on the 
surface of the virus as a trimer, and each monomer consists of 
two chains, HA1 and HA2. In terms of virus entry, the HA1 
subunit is responsible for binding the virus to host cell sialic 
acid-containing receptors, whereas the HA2 subunit, which 
houses the fusion peptide, is responsible for fusion (53). 

When influenza virus is treated with the protease bromelain, 
a soluble trimeric HA ectodomain, known as BHA, is released. 
The X-ray crystal structure of the neutral-pH form of BHA has 
been solved to a 2.1-A resolution (44, 54). In this structure, the 
fusion peptides are inserted into the center of the trimer; they 
are largely inaccessible to solvent and approximately 100 A 
away from the sialic acid binding sites and hence the target 
membrane (54). Recently, the structure of a proteoryzed form 
of low-pH-treated BHA, known as TBHA2, was solved by 
X-ray diffraction analysis (7). This structure reveals four major 
changes in BHA at low pH. First, the globular heads comprised 
by HA1 have become susceptible to trypsinization and have 
been removed. Second, residues 54 to 76 of HA2 (HA2 54-76) 
which were unstructured in neutral-pH BHA, are helical in 
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TBHA2. Third, residues 106 to 112 of HA2 (HA2 106-112 
region) have undergone a helix-to-loop transition at low pH. 
Fourth, the C-terminal —20 residues of the HA2 ectodomain 
have become disordered. Although recent structural (49) and 
biochemical (45) data indicate that TBHA2 is likely represen- 
tative of a postfusion conformation of HA, the low-pH transi- 
tions evidenced by the structure are almost certainly important 
in forming the active fusogenic form. For example, separation 
of the globular head domains is a necessary antecedent of 
fusion peptide exposure (18, 24), the helix-to-loop transition of 
HA2 106-112 removes hydrogen bonds and salt bridge inter- 
actions that tether the fusion peptides (7, 11), and the loop- 
to-helix transition of HA2 54-76 apparently transports the 
fusion peptides towards the target membrane to initiate fusion 
(7, 30a). 

Since the HA conformational change is absolutely required 
for infection and occurs early in the viral life cycle, this event 
is an attractive target for pharmacologic intervention. We pre- 
viously described an approach for identifying inhibitors of the 
HA conformational change (6) employing the 3-A-resolution 
structure of BHA in conjunction with a computer-searching 
algorithm known as DOCK (12, 33). Given the three-dimen- 
sional coordinates of a target macromolecule, DOCK charac- 
terizes the molecular surface chemically and geometrically and 
then scans a database for small molecules predicted to interact 
with a user-defined target site on the macromolecular surface. 
Our original search for HA inhibitors focused on the region 
surrounding the fusion peptide. We applied DOCK to a pocket 
on HA that is formed partially by residues of the fusion peptide 
with the expectation that a molecule that binds to the site 
would stabilize the region in its profusion conformation. From 
the compounds suggested by DOCK, we identified a family of 
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related benzoquinones and hydroquinones that inhibit the ac- 
id-induced conformational change of BHA in vitro as well as 
viral infectivity in cell culture at micromolar concentrations. 
The most potent of these inhibitors is tot-butyl hydroquinone 
(TBHQ), a small molecule that inhibits both the conforma- 
tional change and viral infectivity in the range of 5 to 10 jjlM (5, 
6). 

Three major advances have been made since the identifica- 
tion of TBHQ as an inhibitor of the low-pH-induced confor- 
mational change in HA that augured well for a new round of 
inhibitor design: the resolution of the BHA crystal structure 
has increased, the DOCK program has been refined, and fresh 
insights have been provided into the mechanism of the con- 
formational change in HA. The availability of structural data 
about BHA to a 2.1-A resolution (44) offered more informa- 
tion concerning potential target sites. DOCK itself was im- 
proved, having gained a more chemically descriptive scoring 
function for ranking potential inhibitors (30). Furthermore, 
the database of compounds available for searching grew ap- 
proximately threefold (Molecular Design Ltd., San Leandro, 
Calif.). The most recent version of DOCK employs a rigid- 
body minimization step designed to allow a more exhaustive 
search of possible ligand binding orientations (19). As de- 
scribed above, recent advances in the understanding of the HA 
conformational change have also been made, including the 
crystallographic identification of the final low-pH conforma- 
tion of BHA (7) and evidence of the importance of regions 
distal to the fusion peptide in achieving the fusion-active con- 
formation (8, 18, 24, 30a, 49). We therefore initiated a new 
round of structure-based inhibitor searching by targeting two 
sites surrounding HA2 54-51, the region of HA2 that under- 
goes the so-called "spring-loaded" loop-to-helix transition at 
low pH. 

(Portions of this work were presented at the Third Interna- 
tional Conference on Options for the Control of Influenza, 
Cairns Australia, 4 to 9 May 1996.) 

MATERIALS AND METHODS 

Cells and viruses. Clone 2 Madin-Darby canine kidney cells (MDCK2) and the 
HA-expressing cell line HA300a ++ were cultivated as described previously (6, 
25). X:31 influenza virus (clone C-22) was grown as described previously (6). 

Viruses resistant to TBHQ were isolated by two procedures. In the first 
procedure, allantoic fluid from eggs infected with plaque-purified virus was used 
to infect MDCK2 monolayers at a multiplicity of infection (MOI) of 0.01 PFU/ 
cell. Allantoic fluid was diluted in minimal essential medium with Earle's basic 
salts (MEM-EBSS) containing 25 mM HEPES, penicillin-streptomycin, and 1% 
fetal bovine serum (FBS) (hereafter referred to as diluent). TBHQ (100 or 10 
u.M) was added, and the mixture was adsorbed to cells for 1 h at 37°G The 
medium was then replaced with primary overlay medium (2X MEM-EBSS with 
2X penicillin-streptomycin, 50 mM HEPES, and 5% FBS mixed with an equal 
volume of 1% SeaPlaque agarose). Trypsin was added to a final concentration of 
10 u.g/ml, and the overlay was allowed to harden at room temperature. The cells 
were then returned to a 37°C, 5% C0 2 incubator. The infection was allowed to 
proceed for 36 h, at which time 25 ml of a second overlay medium (equal 
volumes of 2x MEM-EBSS with 2x penicillin-streptomycin, 50 mM HEPES, 
5% FBS, and 1.8% SeaPlaque agarose, also containing 0.003% neutral red 
solution [Sigma]) was allowed to harden over the first overlay, and the cells were 
returned to the incubator for an additional 4 h. Plaques containing virus were 
harvested with sterile 200-uJ pipette tips and resuspended in 2 ml of diluent for 
further passaging. This process was repeated eight times, with the exception that 
in passages 2 to 8, inhibitor was added to the primary overlay. TBHQ-resistant 
virus was then amplified by one passage on MDCK2 cells in virus-free, TBHQ- 
free diluent lacking trypsin. After 48 h of infection, the diluent-containing virus 
was harvested and cleared of cellular debris. The resultant virus stock was then 
tested for sensitivity to TBHQ by both plaque assay and enzyme-linked immu- 
nosorbent assay (EUSA) and prepared for sequencing as described below. 

In the second procedure, the initial infection was carried out as described 
above, but with an MOI of 1 PFU/cell and in the presence of 3 mM TBHQ, a 
concentration that is nontoxic to MDCK2 cells as assessed by trypan blue exclu- 
sion assay (1). After 1 h of adsorption, the diluent containing virus and inhibitor 
was removed and replaced with liquid diluent overlay containing 100 jtM TBHQ. 
After 48 h of incubation at 37°C with 5% CO^ the overlay containing virus was 



harvested. This stock was then used to isolate TBHQ-resistant viruses through 
one round of plaque purification in the presence of 100 u,M TBHQ. The result- 
ant TBHQ-resistant isolates were then amplified and processed as described 
above. 

Viruses resistant to diiodofluorescein (C22) were isolated as described above 
by the single-round, high-MOI procedure in the presence of 1 mM C22, a 
concentration that is nontoxic to MDCK2 cells as determined by both trypan 
blue exclusion and [^SJmethionine incorporation (1). 

Inhibitors. TBHQ and C22 were purchased from Aldrich. Phenolphthalein 
monophosphate disodium (S22), zincon-Na (S23), eosin B (C13), bromopyro- 
gallol red (S15), eosin (S17), 3'-dephospho-coenzyme A (C26), and stilbazo 
(C29) were purchased from Sigma. Maybridge NRB00384 (S19), NRB08312 
(SU0), NRB02903 (C19), and DFP0028 (S28) were purchased from Maybridge 
via Ryan Scientific 

Infectivity assays. Plaque assays of MDCK2 cells were carried out as described 
previously (41) with the following modifications. Virus released from MDCK2 
cells (which express the inactive precursor form of HA, HA0) was pretreated 
with 10 jig of trypsin per ml for 30 min at room temperature; trypsin was 
quenched by dilution of virus into diluent (which contains 1% FBS). Monolayers 
of MDCK2 cells in six-well plates were washed twice with phosphate-buffered 
saline (PBS) and inoculated with 0.25 ml of virus in diluent for 1 h at 37°C, with 
rocking every 15 min. At this time, 2.5 ml of primary overlay medium containing 
10 u,g of trypsin per ml was added. After the overlay was allowed to harden at 
room temperature, the cells were returned to a 37°C, 5% C0 2 incubator for 36 h. 
At this time, 2.5 ml of the second overlay medium containing 0.003% neutral red 
was added and allowed to harden, and the cells were returned to the incubator. 
Plaques were counted 6 h later. For the single-cycle infection assay, virus was 
adsorbed to cells for 1 h at 4°C The medium was then removed and replaced 
with fresh, prewarmed diluent. The cells were then returned to the 37°C, 5% C0 2 
incubator. After 15 h, the medium was removed, treated with 10 u,g of trypsin per 
ml for 30 min at room temperature, and assayed for virus concentration by 
plaque assay. EUSAs for single-cycle growth and MTT (3-[4,5-dimethylthiazol- 
2-yl]-2,5-diphenyltetrazo!ium bromide) cell viability assays were carried out as 
described previously (6). 

Hemolysis assay. The pH at which the different viruses lyse fresh, human type 
A + erythrocytes was determined as described previously (11) with the following 
modifications. Incubations at low pH were conducted for 15 min at 37*0, and 
hemoglobin was detected spectrophotometricalty at 550 nm. Inhibition of hemo- 
lysis as a function of pH was performed and calculated as described previously 
(6). 

Virus genome sequencing. Virus isolates harvested in liquid media were pel- 
leted, and their RNA genomes were purified as described previously (57). The 
HA genes were then reverse transcribed with a primer corresponding to coding 
strand nucleotides 15 to 35, numbered according to the cDNA sequence of X:31 
HA given in GenBank (accession no. J02090)by the method of Xu et al. (57). 
The cDNAs were then amplified by PCR with one primer corresponding to 
coding strand nucleotides 36 to 56 and another complementary to coding strand 
nucleotides 1693 to 1712 in the noncoding direction. The products of this am- 
plification were then sequenced with the frnol cycle sequencing kit (Prom eg a). 
The 10 primers used for sequencing mutant and wild-type HA genes correspond 
to coding strand nucleotides 36 to 56, 282 to 306, 454 to 477, 677 to 700, 857 to 
881, 1025 to 1048, 1191 to 1214, 1350 to 1373, 1497 to 1520, and 1596 to 1640. 

Preparation and purification of biotinytated BHA. Purified X:31 virus was 
biotinylated, and its HA was released with bromelain as described for HA- 
expressing cells (24) with the following modifications. Thirteen milligrams of 
virus was suspended in 3 ml of ice-cold PBS containing 1 mg of NHS-LC-biotin 
(Amersham) per ml and incubated at 4°C for 45 min. The virus was then pelleted 
by centrifugation in a TLA100.3 rotor at 55,000 rpm for 30 min at 4"C. The 
supernatant was aspirated, and the virus pellet was resuspended in 50 mM 
glycine in ice-cold PBS. The virus was pelleted as before and resuspended in 1 ml 
of 0.1 M Tris-HQ (pH 8). Bromelain was added to give a final concentration of 
2.5 mg/ml. Concentrated 0-mercaptoethanol (7.7 u.1) was added, and the mixture 
was incubated at 37*C overnight The virus was then pelleted as described above. 
Biotinylated BHA was then purified from the supernatant on a column of ricin-I 
agarose (Sigma). The column was washed with MES (morpholineethanesulfonic 
acid)-saline-succinate-HEPES buffer (MSSH; 10 mM HEPES, 10 mM MES, 10 
mM succinate, 0.10 M NaCl [pH 7.0]), and the bound BHA was eluted with 0.2 
M galactose in MSSH. Biotinylated BHA was detected after sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% poryacrylamide 
gels, with transfer of proteins to Immobilon-P membranes (Millipore) and blot- 
ting with streptavidin-conjugated horseradish peroxidase (HRP) (24). 

Protease assays for the HA conformational change: thermolysin digestion. 
Thermolysin has been shown to digest exposed fusion peptides in the final 
low-pH conformation of BHA (7, 10). To assay for this conformational change, 
100-uJ aliquots of purified, biotinylated BHA (1 u.g/ml in MSSH) were adjusted 
to the indicated pH value by the addition of 1 M acetic acid for the indicated time 
and then reneutralized with 1 M NaOH. Equivalent amounts of MSSH buffer 
were added to pH 7 controls. Cad 2 and thermolysin (Sigma) were added to final 
concentrations of 1 mM and 10 u.g/ml, respectively. The mixture was incubated 
at 37°C for 2 h, and the reaction was then quenched with EDTA (10 mM final 
concentration). Samples were then processed for SDS-PAGE, transferred to 
Immobilon-P membranes, and probed with streptavidin-HRP as described in 
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1. Input parameters for the computer programs SPHGEN, CHEMGRID, and DOCK35. The variables abbreviated above are defined in the DOCK3.5 user's 



reference 24 and above. Films of each gel were analyzed by densitometry. Four 
standards, containing 100, 60, 20, and 10% of the input biotinylated BHA used 
in each analysis, were loaded on each gel and used to generate a standard curve 
of the percent protein versus the HA2 signal. 

Proteinase K assay. Low-pH-treated BHA was digested by proteinase K (51). 
To assay for this conformational change, biotinylated BHA was treated at low pH 
and reneutralized as described above and then incubated with proteinase K 
(5,000:1 [wt/wt] BHA-proteinase K) for 30 min at 37°C. Samples were then 
processed for SDS-PAGE and streptavidin-HRP blotting as described above. 
Digestion of the HA1 band was used as a qualitative measure of the conforma- 
tional change. 

Fusion assays. Fresh, type A + human erythrocytes (RBCs) were rysed by 
hypotonic shock and resealed in the presence of either ethidium bromide or 
6-galactosidase as described previously (14, 29). RBCs were then washed and 
adsorbed onto monolayers of HA300a ++ cells. Prior to RBC addition, 
HA300a ++ cells were treated with either neuraminidase (28) or a mixture of 
neuraminidase and trypsin (to cleave HAO to HA1 and HA2 (29). After being 
washed to remove unbound RBCs, the RBC<ell complexes were exposed to 
either pH 4.9 or 7 buffer as described previously (29), reneutralized, and pro- 
cessed for microscopy. For the ethidium bromide assay, cells were visualized in 
a fluorescent microscope to detect transfer of ethidium bromide to the 
HA300a ++ cells (29). For the 0-galactosidase assay, RBC-ceU complexes were 
treated with 20 mg of neuraminidase per ml (with shaking) to remove bound but 
unfused RBCs, The cells were then fixed in 0.05% glutaraldehyde in PBS for 10 
min at room temperature and processed for the detection of B-galactosidase 
activity as described previously (1). 

DOCK. DOCK3.5 (19) was employed as described in Results with crystallo- 
graphic coordinates for BHA at a 2.1-A resolution (44) and user-defined vari- 
ables as listed in Fig. 1. Spheres for each site description were selected interac- 
tively from the SPHGEN output Approximately 150,000 molecules were 
screened for their predicted affinities for each of the two sites analyzed with a 
rigid-body minimization step and an AMBER-based potential function for eval- 
uating predicted interactions (19, 30). The top-scoring 200 molecules from the 
search to each site were screened with computer graphics (15). Graphical screen- 
ing involved evaluation of contacts with charged versus hydrophobic regions of 
the sites and well- versus poorly conserved regions of the sites. The predicted 
solubility of the compounds was also considered. By these criteria and based on 
commercial availability, 25 molecules per site were selected from the original 200 
for in vitro screening. 

Computer modeling of HA. HA drawings were produced with the MidasPIus 
software system from the Computer Graphics Laboratory, University of Califor- 
nia, San Francisco (15). Coordinates of HA used for figures are from entry 
5HMG (46) in the Brookhaven protein data bank (3). 

RESULTS 

Identification of new sites and test compounds. The region 
of HA chosen for the new structure-based inhibitor search 
contains the interfaces between the globular heads (an inter- 
monomer interface) and those between HA1 and HA2 (in- 
tramonomer interface) (Fig. 2) (44, 54). Two neighboring sites 
were defined, referred to as 2A and 2B, and were used for 
independent searches (Fig. 2). Site 1A, the pocket used in the 
original search that identified TBHQ (6), is also shown. Note 
that there are three copies of each site per trimer. The limits of 
the pockets of both sites 2A and 2B are partially defined by 
residues from HA2 54-51, the region of HA that undergoes a 



random coil-to-coiled-coil transition at low pH (7, 8). Both 
sites exhibit many intermonomer and intramonomer interac- 
tions, involving both hydrophobic and polar contacts. Any of 
these interactions are potential targets for stabilization or de- 
stabilization by a small molecule. The sites were also chosen 
for their sizes, their concave shapes, and their high level of 
sequence conservation. For both sites, surface residues are 
98% identical among all influenza viruses of the H3 subtype 
and 78% identical among all influenza A viruses (data com- 
piled from appendix B in reference 5). 

Figure 1 lists the parameters used in the new DOCK search. 
Twenty-five molecules per site were selected for in vitro 
screening as described in Materials and Methods. Twelve of 
these compounds have been tested to date; their structures are 
diagrammed in Fig. 3. 

Testing of compounds. We previously showed, using a scin- 
tillation proximity assay, that TBHQ inhibits the fusion-induc- 
ing conformational change in the influenza virus HA with a 
50% inhibitory concentration (IC 50 ) of 5 u,M. As a starting 
point for our study, we have developed a new quantitative 
assay for the HA conformational change and have used it to 
assess the effects of TBHQ. The assay employs purified, bio- 
tinylated BHA and relies on the observation that following 
treatment at low pH, the exposed fusion peptide is sensitive to 
thermorysin digestion, resulting in a decrease in apparent mo- 
lecular mass of HA2 from approximately 20 kDa to 18 kDa (10, 
35). As seen in Fig. 4A, when low-pH-treated BHA is treated 
with thermorysin, the HA2 band is digested, and a band of 
approximately 18 kDa labeled HA2* appears (lane 2 [also see 
lane 6]). However, if TBHQ is included during the low-pH 
treatment, the HA2 band is largely protected (compare lane 4 
with lane 2). If TBHQ is added after the low-pH treatment 
(post control), the HA2 band is not protected (lane 6). To 
quantitate the extent of protection, we analyzed the intensity of 
the HA2 band (see Materials and Methods for details). This 
method proved to be a more reproducible measure of the 
extent of protection than quantitation of the relatively faint 
HA2* band. The HA2* band is likely faint because of loss of 
biotinylated residues (relative to HA2) and because, using our 
protocol (for comparison, see reference 10 in which BHA is 
treated with trypsin before digestion with thermorysin), the 
HA2* band is not stable, but becomes further digested by 
thermorysin. By this method of quantitation, the amount of 
TBHQ required to inhibit the conformational change dis- 
played an IC 50 of —12 uM (Fig. 3B), in reasonable agreement 
with our prior results (6). 

We next tested 12 of the new compounds selected by DOCK 
(Fig. 3) for their effects on the low-pH conformational change 
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in HA by using the thermolysin assay. Compounds that had an 
effect in the thermolysin assay were further tested for their 
ability to inhibit virus infectivity in tissue culture and for cel- 
lular toxicity. The compiled data are shown in Table 1. Figure 
4C displays the sensitivity of BHA to thermolysin in the pres- 
ence of two of the inhibitors identified. As seen in Fig. 4C and 
Table 1, phenolphthalein monophosphate (S22) inhibits the 
conformational change of BHA (ICso of <100 uJvi) and viral 
infectivity (IC^ of 40 \xM [Table 1]). Thus, S22, although less 
potent, behaves quite similarly to our previously identified 
inhibitor, TBHQ. S19 also inhibits the conformational change, 
but its potency in the infectivity assay was much higher than in 
the conformational change assay (Table 1). In contrast to these 
inhibitors, and as seen in Fig. 4C and D and 5C and D, C22 
facilitates the conformational change (50% effective concen- 
tration of approximately 8 \iM) yet inhibits viral infectivity 
(IC 50 of 8 \xM [Table 1]). C22 thus defines a new class of agents 
that appear to inhibit viral infectivity by potentiating the HA 




FIG. 2. Locations of new DOCK sites in the neutral-pH structure of BHA. 
The coordinates used are from the Brookhaven protein data bank, entry 5HMG. 
Monomers in the BHA trimer are colored gray, yellow, and green. Dots indicate 
locations of spheres used in orienting potential ligands computationally for 
evaluation of predicted interaction with a site. Blue dots, site 2A; red dots, site 
2B; magenta, HA2 54-81: black area, site 1A (6). 



FIG. 3. Structures of compounds selected by DOCK as potential HA inhib- 
itors. The C or S prefix indicates whether the compound came from DOCK 
output to site 2A or 2B, respectively. 
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FIG. 4. Thermotysin digestion assay for the HA conformational change. (A) Protection by TBHQ. 
Biotinylated BHA was incubated without (- panes 1, 2, 7, and 8]) or with (+ panes 3, 4, 5, and 6) 100 iiM 
TBHQ at pH 7 (lanes 1, 3, 5, and 7) or pH 5 (lanes 2, 4, 6, and 8) for 7 min at room temperature. Samples 
were then reneutralized and processed for the thermotysin digestion assay as described in Materials and 
Methods. In treatments labeled "post" (lanes 5 and 6), 100 u.M TBHQ was added after re neutralization but 
before the addition of thermorysin to assay for inhibition of thermolysin activity. (B) Concentration depen- 
dence of the effect of TBHQ displayed in panel A. (C) Effect of S22 and C22 on HA conformational change. 
(D) Concentration dependence of induction of the HA conformational change by C22. For panels A and C, 
the images were processed with a digital camera and NIH Image 1.57 software. The figures were produced 
with the program Canvas. 



conformational change. Two other molecules that facilitate the 
conformational change were also identified. One (C29), how- 
ever, was too toxic to determine its effect on infectivity, while 
the other (S23) had no measurable effect on infectivity (Table 
1). 

Further characterization of the effects of TBHQ and C22 on 
the low-pH-induced conformational change in HA. The low- 
pH-induced conformational change in HA is an irreversible 
event that is believed to be under kinetic control (2). Since 
TBHQ inhibits the conformational change while C22 appears 
to facilitate it, each compound might alter either the pH at 
which the conversion occurs or the time necessary to achieve 



the conversion (or both). To investigate these possibilities, we 
compared the effects of TBHQ and C22 on the time (Fig. 5A 
and C) and pH dependence (Fig. 5B and D) of the conforma- 
tional change. As shown in Fig. 5, 100 \xM TBHQ stabilizes 
BHA, while 100 uM C22 destabilizes it, with respect to both 
the time of exposure (Fig. 5 A and C) and the pH (Fig. 5B and 
D) required to effect the conformational change. Preliminary 
studies indicated that C22 also potentiates the low-pH-induced 
conversion of HA to a form that is sensitive to proteinase K 
(21). As seen in Fig. 5D, C22 did not have any effect on the 
protease sensitivity of BHA at neutral pH and room temper- 
ature. The latter finding suggested that C22 does not inhibit 
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TABLE 1. Effects of compounds targeted to new DOCK sites 
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>100 


100 


-35.6 


C29 


Effector (<100) 


ND* 


<1 


-43.0 


S28 


Inhibitor (<100) 


>50 


>50 


-35.7 


C13 


Inhibitor (<100) 


>100 


>100 


-41.1 


C26 


No effect 


ND 


ND 


-39.8 


S15 


No effect 


ND 


ND 


-35.1 


S110 


No effect 


ND 


ND 


-36.7 


C19 


No effect 


ND 


ND 


-40.9 


S17 


No effect 


ND 


ND 


-34.6 



" Effects on conformational change, infectivity, and cell viability were measured with the thermolysin, ELISA, and MTT assays, respectively, as described in Materials 
and Methods. 

b Calculation of the DOCK force field score is as per the DOCK3.5 user's manual; a more negative value indicates a higher predicted affinity. 
c Values for the effects of TBHQ on conformational change (SPA assay), infectivity, and cell viability are from reference 6. 
d ND, not determined. 



viral infectivity by inactivating the virus under neutral-pH con- 
ditions. 

Effects of TBHQ and C22 on viral infectivity. The effect of 
TBHQ on influenza virus infectivity has been examined with 
both a single-cycle as well as a multiple-cycle infection assay (6, 
41) (see Materials and Methods). The same methods were 
applied here to study the effects of C22 on viral infectivity. As 
seen in Fig. 6A, C22 inhibits infectivity in the single-cycle 
growth assay with an IC 50 of 8 pM; C22 is not toxic to MDCK2 
cells at this or higher concentrations (Fig. 6A and Table 1). 
Similar results were obtained with the multiple-cycle infectivity 
assay (IC 50 of approximately 10 jxM [data not shown]). We 
next investigated the time window during which TBHQ and 
C22 exert their effects. To do this, each inhibitor was added at 
various times during a single cycle of infection in MDCK2 cells 
and at 15 h postinfection, the culture medium was assayed for 
the amount of virus produced. As shown in Fig. 6B and C, each 
compound has a significant antiviral effect, but only if added 
early in the viral life cycle; the effect continues until 30 min 
postadsorption but then drops off precipitously at 1 h. The 
inhibitory effect of TBHQ disappears if the compound is added 
after this time. In the case of C22, however, a detectable 
antiviral effect remained at later times; the latter effect was 
more pronounced at higher concentrations of C22. Another 
experiment testing hemagglutination showed that viral adsorp- 
tion (i.e., cell surface receptor binding) is not affected by 10 
u,M C22, but that 100 uM C22 inhibits viral adsorption by 50% 
(data not shown). TBHQ had no effect on hemagglutination at 
either concentration. 

Effects of TBHQ and C22 on fusion. Since TBHQ and C22 
affect the conformational change in HA and inhibit infectivity 
early in the viral life cycle, it is likely that they affect HA- 
mediated membrane fusion. We previously showed that TBHQ 
inhibits influenza virus-induced syncytium formation, suggest- 
ing that it inhibits membrane fusion (6). Here, we tested the 
effects of TBHQ and C22 on fusion by using a content-mixing 
assay. RBCs were preloaded with p-galactosidase and then 
bound to HA-expressing CHO cells. When the RBC-cell com- 
plexes are exposed to pH 5.0, the RBCs fuse with the CHO 
cells, delivering their contents to the CHO cell cytoplasm (25, 
29). As seen in Table 2, both TBHQ and C22 inhibit RBC-cell 



fusion at 10 and 100 jjiM, the same range in which they inhibit 
conformational change and viral infectivity. 

To investigate the effects of TBHQ and C22 on the pH 
dependence of membrane fusion, we used a hemolysis assay. 
This assay was used because the viral hemolytic activity reflects 




FIG. 5. Effect of TBHQ (A and B) and C22 (C and D) on the conformational 
change of HA: time (A and C) and pH (B and D) dependence. Samples of 
biotinylated BHA were treated without (solid squares) or with (open squares) 
100 jiM TBHQ (A and B) or C22 (C and D) and then incubated at pH 5.2 at 
room temperature for the indicated time (A and C) or incubated at the indicated 
pH for 7 min at room temperature (B and D). Following reneutralization, 
samples were analyzed for thermolysin sensitivity as described in the legend to 
Fig. 4 and in Materials and Methods. 
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both the fusion activity and the conformational change in HA 
(11, 23). In addition, the assay is easy to perform and quanti- 
tate. The inhibitory effects of TBHQ and its relatives on he- 
molysis by HA have been reported previously (see Table 4 and 
Fig. 7 of reference 6). As shown in Fig. 7, C22 (10 jjlM) inhibits 
hemolysis in the same pH range at which it facilitates the 
conformational change (Fig. 5D); the effect presumably re- 
mains at lower pH values, but the assay is affected by decreas- 
ing hemolytic efficiency at pH values approaching and below 
5.0 (6). At pH 5.6, the IC 50 s for C22 in the hemolysis assay 
ranged between 10 and 25 \jM in different experiments. With 
10 \iM C22, the extent of inhibition (at pH 5.6) ranged be- 
tween 28 and 49%. A 100 jlM concentration of C22 inhibits 
hemolysis more effectively than does 10 \iM C22, but this 
higher concentration of inhibitor was found to decrease virus- 
RBC binding, while 10 \xM C22 did not (data not shown). 

Mutants resistant to TBHQ and C22. We isolated and char- 
acterized seven TBHQ-resistant influenza variants. Table 3 
lists each isolate, the HA residues mutated, and their sensitiv- 
ities to TBHQ compared to those of wild-type virus. When 
mapped onto the neutral-pH crystal structure of X:31 BHA 
(46), the mutations clustered in two regions: in the vicinity of 
the fusion peptide and in the globular head domain interface 
(Fig, 8A), a distribution strikingly similar to that of mutations 
conferring resistance to high doses of amantadine (11, 39). As 
expected, all of the resistant isolates were destabilized with 
respect to the pH at which their HA changes conformation 
(Table 3) as measured by a hemolysis assay using intact virus 
(11). Five mutations occur at residues that in wild- type virus, 
make interactions with the fusion peptide (11, 39, 47); these 
mutations likely allow the fusion peptide to become exposed 
more easily, thereby facilitating the conformational change and 
subsequent fusion (11). Four of the mutations that we identi- 
fied in the fusion peptide region, HA2 D112E, D112N, D109G, 
and K117E, were the same as those in previously identified 
amantadine-resistant mutants (39). A fifth mutation, Till A, 
occurs in the same region as these others but was not identified 
as a high-dose amantadine resistance mutation. It occurs in a 
double mutation with HA1 P103K; the latter residue is found 
in the intermonomer region between the heads of HA, which 
are known to separate during the conformational change (18, 



TABLE 2. Effect of TBHQ and C22 on fusion between CHO cells 
expressing HA and erythrocyte ghosts containing 0-galactosidase fl 



Inhibitor concn* (u,M) HA type* pH d No. of fusions/field" % Fusioi/ 



None 


HA 


5 


20 ±2 


100 




HAO 


5 


0 


0 




HAO 


7 


0 


0 




HA 


7 


0 


0 


C22 










10 iiM 


HA 


5 


10 ±3 


51 


100 jjlM 


HA 


5 


1 ± 1 


6 


100 \iM 


HAO 


5 


0 


0 


100 m-M 


HA 


7 


0 


0 


TBHQ 










10 jiM 


HA 


5 


9 ± 2 


45 


100 yM 


HA 


5 


5 ± 2 


25 


100 jiM 


HAO 


5 




0 


100 jiM 


HA 


7 


0 


0 



" Assay was performed as described in Materials and Methods. 

b Concentration of compound present during incubations. 

e Where indicated, cells were pretreated with trypsin to cleave the inactive 
precursor HAO into active HA 

d RBC-cell complexes were treated at the indicated pH for 2 min at room 
temperature. 

'Number of nuclei in fused areas (blue) per field at X100 magnification (a 
measure of fusion activity). Results are averaged from two assays. 
f Percentage of fusion compared to no inhibitor. 



24). Another mutation, HA1 A198E, maps to the interface 
region of the heads. Both of these mutations in the head 
domain (HA1 A198E and HA1 P103K) occur near, but not at 
the same loci as, the sites of previously identified amantadine- 
resistance mutations. The double mutant containing the HA1 
P103K HA2 T111A mutation was shown to be destabilized 
with respect to the pH at which it undergoes the conforma- 
tional change (Table 3), while the isolate with the mutation 
HA1 A198E was not detectably destabilized. The final muta- 
tion, HA2 R124G, occurs well away from the fusion peptide 
and even farther from the heads in the neutral structure (Fig. 
8A). This mutation also destabilizes HA with respect to pH 




FIG. 6. (A) Effect of C22 on infectivity and cell viability. Infectivity was measured for a single cycle with an EUSA, and cell viability was monitored in parallel by 
assaying for metabolism of MTT, as described in Materials and Methods. Open circles, infectivity; solid circles, cell viability. (B and Q Effects of TBHQ (B) and C22 
(C) when added at various times during a viral infection cycle. The single-cycle infectivity assay was performed as described in Materials and Methods. Virus was 
prebound to MDCK2 cells at 4°C, the cells were washed, and prewarmed (37*C) medium was added to initiate infection. TBHQ (B) or C22 (C) (10 \»M [each]) was 
added at the indicated times during a single cycle of influenza virus infection, and the amount of virus produced was assessed by plaque assay at IS h postinfection, 
the time required to complete a single cycle of infection (16). Control experiments showed no effect of these inhibitors (at the concentrations tested) on virus-receptor 
binding (data not shown). 
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(Table 3), and it occurs at the site of an intermonomer salt 
bridge in wild-type virus with aspartate HA2 132 (Fig. 8B). A 
charge-reversal mutation at HA2 132 was identified earlier in 
a virus that induces fusion at a relatively elevated pH (13), and 
the mutation at HA2 124 presumably has the same effect. 

We also isolated and characterized two virus variants that 
are approximately 10-fold resistant to C22 (Table 4). Both 
resistant mutants lyse RBCs at a lower pH than wild-type virus 
does (Table 4), suggesting that both mutants are stabilized with 
respect to the pH at which their HA converts to the fusogenic 
form. Figure 8C shows the locations of the residues mutated in 
the C22-resistant isolates in the context of the crystal structure 
of native, wild-type BHA (46). The mutation HAl S219P oc- 
curs in the head region, perhaps altering the position of a 
p-strand that contains intermonomer contacts and allowing 
new contacts to form. The second mutation, HAl K27E, was 
isolated four times independently. Figure 8D shows the area 
surrounding HAl K27 in the native structure. This residue lies 
on the interface between monomers and places a positive 
charge very close to another positive charge on a neighboring 
residue (HA2 54 of another HA monomer); the mutation from 
lysine to glutamate presumably allows an intermonomer salt 
link to be formed, further stabilizing the interface (see Discus- 
sion). 

We reasoned that a virus that is destabilized with respect to 
the pH of its conformational change would be more sensitive 
to C22 than the wild-type virus is. To test this hypothesis, we 
assessed the sensitivity of the HA2 R124G mutant, which is 
highly resistant to TBHQ (Table 3), for its sensitivity to C22. 
Based on a plaque assay analysis, the HA2 R124G mutant is 
approximately 2.3-fold more sensitive to C22 than is wild-type 
virus (Table 4). 

Since the low-pH conformational change in HA is irrevers- 
ible (50), if C22 inhibits infectivity by facilitating this change, 
the inhibition should be irreversible. To examine this possibil- 
ity, virus was incubated with 10 \jM C22, and the pH was 
lowered to various pH values. The pH values selected have 
been shown to allow nearly the entire HA population to 
change conformation in the presence of C22 (pH 5.8, 5.6, and 
5.4 [Fig. 5D and 7]), while only a portion changes in its absence 
(Fig. 5D and 9) (37). As seen in Fig. 9, C22 irreversibly inhibits 
viral infectivity under these conditions. This is in distinct con- 
trast to TBHQ, which is a reversible inhibitor (Fig. 9). 

DISCUSSION 

Mechanism of TBHQ inhibition of infectivity. TBHQ was 

originally identified as an inhibitor of fusion peptide exposure 
(6). The concurrence of the IC 50 values for inhibition of both 
fusion and viral infectivity suggested a causal relationship. In 




FIG. 7. (A) Effect of C22 on hemolysis. Whole, washed erythrocytes were 
incubated with (solid squares) or without (open squares) 10 jxM C22 and virus 
and treated at the indicated pH for 15 min at room temperature before being 
analyzed for hemolysis as described in Materials and Methods. OD 550, optical 
density at 550 nm. (B) Percent difference between the curves in panel A indi- 
cating the pH range over which C22 inhibits hemolysis. In the experiment shown, 
the inhibition by C22 at pH 5.6 was 28%. This value ranged from 28 to 49% in 
different experiments. Inhibition at pH 5.8 (-25%) was consistently observed in 
eight separate experiments. 



this paper, we have described several lines of evidence that 
further support this mechanism of TBHQ inhibition of influ- 
enza virus infection. First, the striking similarity between the 
HA mutations in TBHQ-resistant and high-dose amantadine- 
resistant viruses indicates a shared mode of action. It has been 
shown that the concentration of amantadine used to isolate 
these earlier mutants (100 |xg/ml) raises the pH of intracellular 



TABLE 3. HA mutations in TBHQ-resistant viruses 


Mutant residue" 


Mutant IC 50 /wild-type ICjo 6 


Shift in pH of hemolysis 
(reference)* 


Amantadine resistance* 


HA2 D112E 
HA2 D112N 
HA2 D109G 
HA2K117E 
HA2 R124G 

HAl P103K HA2 TlllA 
HAl A198E 


10 
2 
2 

10 
11 
3 
7 


0.4 (39) 
0.4 (39) 
0.1 (39) 
0.4 (39) 
0.3 (This work) 
0.1 (This work) 
None detected (This work) 


Yes 
Yes 
Yes 
Yes 
No 
No 
No 



■ Each entry indicates the mutation(s) in a single isolate. Note the presence of a mutant with a double mutation (HAl P103K HA2 TlllA). 

6 Values represent fold difference in IC^, compared with IC 50 of wild-type (X31) virus. 

c Shift in pH at which 50% hemolysis occurs compared with hemolysis in the wild-type virus. 

d Presence of mutations identified previously in X:31 viruses resistant to high concentrations of amantadine (39). 



8816 HOFFMAN ET AL. 



J. Virou 




FIG. 8. Mutations in HAs of inhibitor-resistant influenza viruses. (A) Locations of* HA mutations in TBHQ-resistant influenza viruses. BHA is shown in its 
neutral-pH form as in Fig. 2. The fusion peptide of one monomer is shown in black. Wild- type residues mutated in TBHQ-resistant isolates are indicated in magenta 
as CPK-rendered side chains. (B) Protein residues surrounding the residue HA2 R124 (magenta), which is mutated to Gry in a TBHQ-resistant isolate. BHA monomers 
are colored as in panel A. (C) HA mutations in C22- resistant isolates. Mutated residues are indicated by their wild-type side-chains as in panel A. Blue space-filling 
model, DOCK-selected orientation of C22 in site 2A. (D) Close-up of area surrounding HA1 K27. 
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TABLE 4. Sensitivity of HA mutants to C22 



Mutant residue no. 0 


Selection 6 


Sensitivity to C22 
vs. wild type c 


Shift in pH 
of hemolysis 


HA1 219 


C22 


10-fold lower 


-0.3 


HA1 27 


C22 


10-fold lower 


-0.6 


HA2 124 


TBHQ 


2.3-fold higher 


+0.25 



* Mutation in HA 

b Method of isolate selection. Each entry indicates virus was selected for 
resistance to C22 or TBHQ. 

c IC50 infectivity for each isolate was measured in the presence of 0.1 to 100 
jiM C22 by plaque assay. 



vesicles to levels incompatible with the conformational change 
of wild-type HA (11). Furthermore, the amantadine-resistant 
viral isolates possess mutations that destabilize HA with re- 
spect to pH, indicating that the drug was acting to inhibit the 
HA conformational change (11, 39). The same is true for the 
TBHQ-resistant mutants isolated in this study. The use of 
TBHQ to select destabilized HA mutants is, however, more 
specific than the use of high doses of amantadine. Amantadine 
does not interact directly with BHA (5), and, moreover, given 
that the drug directly inhibits the virus proton channel M2 (48), 
it is likely to have pleiotropic effects at high concentrations. 
The HAs of all of the TBHQ-resistant mutants are detectably 
destabilized with respect to pH except for one: that of the 
mutant with the HA1 A198E mutation. It is not yet clear how 
this mutation leads to resistance, since it does not destabilize 
HA, nor does it lie near the presumed binding site. This case 
aside, the finding that the other six virus isolates resistant to 
TBHQ all have HAs that change conformation at an elevated 
pH indicates that TBHQ acts to stabilize HA during the course 
of an infection and that this stabilization impedes infectivity. 

Another line of evidence that TBHQ acts by inhibiting the 
conformational change in HA is that it only inhibits viral in- 
fectivity (at its IC 50 [see below]) if added during the first 15 to 
30 min of infection. This time dependence places the level of 
action at the earliest portions of the influenza virus life cycle, 
namely cell surface binding, endocytosis, or membrane fusion. 




si? & 



FIG. 9. C22 irreversibly inhibits viral infectivity. X:31 virus was treated with 
10 *jlM C22 (open squares) or TBHQ (open circles) for 25 min at room temper- 
ature. The pH was then lowered to the indicated value for 7 min at room 
temperature and reneutralized. "Post" control experiments (solid squares) were 
performed in which C22 was added after reneutralization. Samples were then 
diluted 100-fold and analyzed for infectivity by ELISA as described in Materials 
and Methods. 



Earlier observations have demonstrated that fusion of influ- 
enza virus occurs between 25 and 30 min after cell binding 
(38). TBHQ does not inhibit receptor binding (Fig. 6), strongly 
suggesting that its inhibitory action is at the level of fusion. 

Finally, the fusion assays presented here directly demon- 
strate that TBHQ inhibits fusion between erythrocyte ghosts 
and cells expressing the X:31 influenza virus HA. Taken to- 
gether, the above evidence strongly suggests that TBHQ inhib- 
its influenza virus infectivity by the mechanism for which it was 
selected: inhibition of membrane fusion by the stabilization of 
an inactive form of HA. 

Several recent studies have shed light on the virus subtype 
specificity of TBHQ. One recent report used the hydrophobic- 
ity probe bis-ANS to confirm inhibition of the low-pH confor- 
mational change in X:31 HA (subtype H3) by TBHQ (4). 
Another study, however, has shown that TBHQ has no effect 
on the kinetics of fusion by influenza virus of the HI subtype 
(32). Furthermore, we have shown that the antiviral effect of 
TBHQ is diminished against influenza virus of the H2 subtype 
and that the conformational change of BHA from an H2 virus 
is not inhibited by TBHQ (21). More recently, a compound 
bearing some molecular similarity to TBHQ, termed BMY- 
27709, was identified that inhibits hemolysis and infection by 
HI and H2 viruses but not by H3 viruses (28). A mutant virus 
resistant to BMY-27709 contains an amino acid change at HA2 
110, which is predicted to be located near several of the mu- 
tations in TBHQ-resistant H3 viruses that we isolated (Fig. 
8A). Although the study reporting BMY-27709 hypothesized 
that the occurrence of a mutation at HA2 110 in a virus resis- 
tant to BMY-27709 suggested that the binding site for BMY- 
27709 is near this residue, this need not be the cause. The 
proximity of HA2 110 to mutations found in virus isolates 
resistant to both TBHQ (this study) and to amantadine (11) 
suggests that all of these mutations allow HA to change con- 
formation at an elevated pH and thus confer resistance to 
agents that stabilize the protein's native conformation. 

Evaluation of the inhibitor design method. Since the iden- 
tification of TBHQ as an inhibitor of the fusion-inducing con- 
formational change in the influenza virus HA (6)^ere 4 hay^ 
been several improvements that encouraged further ^evelfip^ 
I ment of our structure-based inhibitor design strategy, (i) The 
DOCK program was improved (19, 30). (ii) The resolution of 
the BHA structure increased from 3 A to 2.1 A (44). (iii) 
Recent studies have given new insight into the mechanism of 
fusion peptide exposure. Examples of such information are the 
need for motion in the HA1 globular head domains (18, 24) 
and a loop-to-helix transition of HA2 54-81 (7, 8, 30a). We 
therefore used the refined DOCK in conjunction with the 
higher-resolution BHA structure to perform structure-based 
inhibitor searches targeting the region of HA that undergoes 
\the loop-to-helix transition. As a result of this computational 
analysis, we tested 12 small molecules for their effect on the 
low-pH conformational change and viral infectivity. We con- 
sider it significant that out of the 12 small molecules tested, 7 
have an effect on the conformational change at micromolar 
concentrations. In comparison, 43 molecules were tested be- 
fore a lead inhibitor (IC 50 of 500 u,M) was identified in the 
original search (6). In addition to the improvement in the "hit 
rate," the first-round hits found in the new search are more 
potent than those identified in the earlier work. In fact, the 
most potent of the new first-round inhibitors (S19) is more 
potent than is TBHQ, the best second-round derivative from 
the earlier search, and the potency of the best first-round new 
inhibitors is about the same as that of the second-round old 
ones (both low-micromolar IC^). Although certainly not con- 
clusive, our findings suggest that the search with tie recent 



8818 HOFFMAN ET AL. 



J. VrROL. 



version of DOCK (DOCK3.5) (19, 30) and the improved BHA 
structure (44) has been more successful at selecting molecules 
that bind to the sites to which they were targeted than the 
search with an earlier version of DOCK (DOCK2) (34) and the 
lower-resolution BHA structure (6). X-ray crystallographic ex- 
amination of the interaction of BHA with TBHQ and the new 
inhibitors is necessary to clarify this issue. 

C22 is an effector of the conformational change in HA. As a 
consequence of our new DOCK search, we identified an effec- 
tor of the low-pH-induced conformational change that inhibits 
influenza virus infectivity. Although this was not a specific goal, 
the effect of this compound was not entirely unanticipated, 
since it has been known for some time that if X:31 influenza 
virus is pretreated at low pH in the absence of a target mem- 
brane, it is irreversibly inactivated for fusion (37). Examination 
of the DOCK sites analyzed in this search (Fig. 2) reveals many 
intermonomer contacts that could be either stabilized or de- 
stabilized by a small molecule. In addition, the interfaces con- 
sist partially of hydrophobic surfaces; an amphipathic molecule 
could possibly bind to one of these surfaces during the confor- 
mational change, lowering the energy barrier of the conversion 
to the low-pH form by shielding the surface from exposure to 
solvent. As a result of our search, we identified three com- 
pounds that potentiate the conformational change. It was not 
clear at the outset, however, that these compounds would 
inhibit fusion and infectivity. In fact, since C22 does not induce 
the conformational change at neutral pH, it was conceivable 
that it might facilitate fusion. One main fact argued against the 
latter possibility: Influenza viruses display a pH optimum of 
fusion; below this pH value, the efficiency of fusion decreases 
(13, 26). Presumably, the effect of very low pH is similar to the 
presence of an effector such as C22, in that it decreases the 
efficiency of fusion through its effect on HA (Fig. 5D and 7 and 
Table 2). 

Our results indicate that C22 destabilizes HA (Fig. 3C and 
4C and D) and also inhibits hemolysis and fusion (Fig. 7 and 
Table 2) and viral infectivity (Fig. 6). In fact, the pH range over 
which C22 inhibits hemolysis most effectively, pH 5.2 to 5.8, 
closely mirrors the range in which it facilitates the conforma- 
tional change. There are at least three possible explanations 
for the behavior of C22. (i) C22 induces an excessively rapid 
conformational change in HA which inactivates HA, thereby 
depleting the pool of fusion-active trimers and inhibiting fu- 
sion, (ii) In a variant of explanation i, C22 causes HA to 
convert to a fusion-inactive conformation that is distinct from 
the low-pH conformation represented by TBHA2 (7). This 
possibility could explain the (additional) late effect of C22 in 
the viral life cycle (Fig. 6C); as HA is being synthesized and 
processed in the endoplasmic reticulum, C22 may unfold HA, 
causing the production of defective viruses. (This effect would 
have to be on uncleaved HA [HAO], since MDCK2 cells do not 
cleave HAO into HA1 and HA2 [41].) Support for this hypoth- 
esis comes from the observation that for HAs that can be 
cleaved during biosynthesis, alteration of the pH of vesicles 
containing newly produced HA with the drug amantadine 
leads to the production of noninfectious virus particles (40). 
(iii) The final mechanism supposes that even though C22 has 
not been shown to cause conformational changes in HA at 
neutral pH (Fig. 5D), C22 may allow HA to become inacti- 
vated thermally or by other conditions during the course of an 
infection. This possibility was put forth for viruses with muta- 
tions that destabilize their HAs (11). With any of these mech- 
anisms, the effect would be irreversible (unlike that of TBHQ 
and its relatives, which have a reversible inhibitory effect on 
HA) (6) (Fig. 9). Indeed, C22 is an irreversible inhibitor of 
viral infectivity (Fig. 9). 



Support for the hypothesis that C22 inhibits viral fusion and 
infectivity by destabilizing HA comes from the location of 
mutations in viruses resistant to C22: HA1 A219P and HA1 
K27E. For both of the mutants carrying these mutations, the 
pH dependence of the conformational change in HA is shifted 
(0.3 and 0.6 pH units, respectively) in a more acidic direction 
than that of wild-type HA (Table 4). Heretofore, the only 
known mutation that demonstrated such a stabilizing effect was 
HA2 K58I (40). The mutation at HA1 27 likely involves re- 
moval of an intermonomer charge repulsion with the arginine 
residue at HA2 54 (Fig. 8D). Moreover, the substitution of a 
glutamate at position 27 likely allows for the formation of a 
stabilizing salt bridge with HA2 R54. The segment of HA on 
which HA2 27 is found (HA1 14-52) in neutral-pH HA has 
been shown previously to move very early during the confor- 
mational change (51) and crosses the region of HA2 that 
undergoes a helix-to-loop transition at low pH (HA2 106-112) 
(7). Hence, HA1 14-52 could be critical in tethering the trimer 
in the fusion-inactive conformation. Furthermore, both HA2 
54 and 58 lie within the portion of HA2 that undergoes a 
loop-to-helix transition at low pH (7, 8); recent evidence has 
demonstrated the role of this area in regulating HA-mediated 
membrane fusion (30a). Finally, the relatively higher sensitivity 
of the isolate with the mutation HA2 R124G, which has a 
destabilized HA, to C22 compared to that of the wild type 
offers more support for the proposed mechanism of C22. Crys- 
tallographic analysis of the C22-resistant mutants could shed 
light on the control of the HA conformational change. 

C22 was designed and shown to be effective against HA from 
the X:31 strain of influenza virus (H3 subtype). In preliminary 
experiments, we have found that C22 also inhibits the hemo- 
lytic activity of A/Victoria influenza virus (H3 subtype) as well 
as A/Japan/305 influenza virus (H2 subtype), albeit with dif- 
ferent apparent potencies. Future work is necessary to deter- 
mine the spectrum of activity of C22 against different influenza 
viruses. On the other hand, the effect of C22 appears to be 
specific for influenza virus HA; 100 |xM C22 had no effect on 
cell-cell fusion mediated by the human immunodeficiency virus 
(HIV) envelope glycoprotein (19a). 

Premature triggering of the fusion-inducing conformational 
change. Premature triggering of the conformational change in 
HA from X:31 influenza virus is irreversible (37) (Fig. 9). 
Hence, irreversible facilitators of the conformational change, 
such as C22, offer a distinct advantage over reversible inhibi- 
tors of the conformational change, such as TBHQ and S22. 
Although C22 itself does not appear to be able to trigger the 
conformational change in HA at neutral pH, it may be possible 
to identify small molecules that would. A facilitator that func- 
tions at neutral pH would offer the additional advantage of 
being able to act outside of the cell, a more pharmacologically 
tractable site for intervention than the endocytic compartment, 
where C22 appears to act. In the case of influenza virus, it may 
be possible to design a variant of C22 that would have this 
feature. 

Currently, only two closely related anti-influenza virus drugs 
are approved for clinical use in the United States: amantadine 
and rimantadine. Both act by inhibiting a viral ion channel, but 
they cause undesirable side effects (55) and are plagued by 
clinical resistance (22, 31, 55). Two promising new drugs, 4- 
guanidino-Neu5Ac2en (4-GuDANA) and GS4104, were de- 
signed to inhibit the viral enzyme neuraminidase (56), and they 
are currently being evaluated for clinical use (31), but resis- 
tance to at least one of these neuraminidase inhibitors has 
already been encountered in laboratory settings (31, 36). New 
inhibitors of the ion channel activity of the viral M2 protein 
(43) and of the viral polymerase (42) have only recently been 
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identified. Drugs that inhibit HA-mediated membrane fusion 
would thus be a welcome addition to the anti-influenza virus 
armamentarium. 

It may also be possible to discover or design inhibitors or 
facilitators of the conformational changes in the fusion pro- 
teins of other enveloped viruses such as rabies virus, HTV, and 
Ebola virus. Peptides have already been identified that specif- 
ically inhibit fusion of HTV and paramyxoviruses; these pep- 
tides are composed of sequences from regions of the HTV Env 
and the paramyxovirus F proteins that are believed to be anal- 
ogous to HA2 54-81 (27, 52). Itffeinains to be seen exactly how 
these peptides inhibit fusion, but it is possible that they some- 
v how affect a conformational change. Work with the envelope 
glycoprotein of another retrovirus, avian sarcoma and leukosis 
virus, has shown that binding of soluble cell receptor to Env 
renders the viral protein sensitive to thermorysin (17) in a 
manner reminiscent of the effect of low pH on HA; this soluble 
receptor has also been shown to inhibit viral entry into cells 
(9). In conclusion, the results that we have presented here for 
both the inhibitors and facilitators of the conformational 
change in HA suggest that the strategy of either stabilizing or 
prematurely triggering viral fusion proteins could be applied to 
other enveloped viruses. 
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